Introduction
============

Gastric cancer (GC) is the fifth most common malignancy and the second major cause of cancer-related deaths worldwide; in China, it is one of the four most common malignancies.[@b1-ott-12-1439],[@b2-ott-12-1439] Surgery is the main therapeutic option for GC, and the 5-year survival rate for patients with early GC exceeds 90% following curative resection;[@b3-ott-12-1439] however, most patients are diagnosed at an advanced stage, with a 5-year survival rate below 25%, due to local invasion or lymph node metastasis.[@b4-ott-12-1439],[@b5-ott-12-1439] Therefore, there is an urgent need for the discovery of new diagnostic and prognostic markers and therapeutic targets for GC.

Liver kinase B1 (LKB1), also called serine/threonine protein kinase 11 (STK 11), was first identified as the causative gene in inherited Peutz--Jeghers syndrome (PJS).[@b6-ott-12-1439] Subsequent studies have reported that LKB1 gene mutations are found in sporadic cancers, including gastric, colorectal, lung, breast, and cervical cancers.[@b7-ott-12-1439] LKB1 has been shown to function as a tumor suppressor gene, playing a role in inhibiting growth and migration of tumor cells, inducing cell cycle arrest, and promoting tumor cell apoptosis.[@b8-ott-12-1439],[@b9-ott-12-1439] It has been reported that LKB1's regulatory role in apoptosis depends upon the tumor suppressor p53. Karuman et al[@b10-ott-12-1439] demonstrated previously that LKB1 was physically associated with p53, regulating specific p53-dependent apoptosis pathways; Zeng and Berger[@b11-ott-12-1439] also reported that LKB1 linked with p53 in promoting cell apoptosis. Survivin is an important inhibitor of apoptosis and is found to be selectively expressed in tumors, including gastric, colorectal, and breast cancers, and neuroblastoma.[@b12-ott-12-1439] Pizem et al[@b13-ott-12-1439] reported that the loss of p53 was a possible underlying mechanism in the upregulation of survivin in laryngeal squamous cell carcinoma. However, the precise impact of LKB1 expression on GC progression and its correlation with p53 and survivin in GC have not yet been elucidated.

Considering the above, we aimed to investigate LKB1 expression, alongside its correlation with clinicopathological features and prognoses of patients with GC. Furthermore, we explored the correlation between LKB1, p53, and survivin by analyzing their correlation and impact on overall survival (OS).

Patients and methods
====================

Patients
--------

This was a retrospective study of 150 patients who underwent gastrectomy at the Tianmen First People's Hospital (Tianmen, Hubei, China) between 2010 and 2017. GC and relevant adjacent (≥5 cm) non-tumor (paracancerous) specimens were obtained. None of the patients had received preoperative radiotherapy or chemotherapy. Clinicopathological features of each patient were obtained from the Department of Oncology at Tianmen First People's Hospital (Tianmen, Hubei, China). TNM staging of GC was ascertained according to the eighth edition of the American Joint Committee on Cancer/Union for International Cancer Control (AJCC/UICC) TNM system for differentiated gastric carcinoma.[@b14-ott-12-1439] The study was approved by the scientific research ethics committee of Tianmen First People's Hospital, and written informed consent for the use of tissues for ex vivo experimentation was obtained from each patient before surgery, which was conducted in accordance with the Declaration of Helsinki. OS was defined as the interval between GC diagnosis and patient's death (any cause) or final visit.

Immunohistochemical (IHC) staining
----------------------------------

A conventional IHC staining protocol was used for this study. Paraffin-embedded tumor tissue blocks were cut into 4 μm-thick sections, dried, deparaffinized, and dehydrated in a graded ethanol series. Tissue sections were treated with 1% hydrogen peroxide for 10 minutes to block endogenous tissue peroxidase activity, followed by treatment with bovine serum for 30 minutes to reduce nonspecific binding. Antigen retrieval was performed using citrate buffer (pH 6.0) and microwaving at high-heat microwave processing for 5 minutes followed by a low-heat microwave processing for 20 minutes. All slides were incubated overnight at 4°C with polyclonal rabbit antihuman LKB1 antibody (OM222158, 1:1,000; Omnimabs, Alhambra, CA, USA), monoclonal mouse antihuman p53 antibody (Ready-to-use, DO-7; Gene Tech. Co. Ltd., Shanghai, China), and polyclonal rabbit antihuman survivin antibody (Ready-to-use, RAB-0536; Maixin-Bio, Fuzhou, China), followed by a 30-minute incubation with an Ultra-Sensitive S-P Kit (Maixin-Bio). Slides were then rinsed with phosphate-buffered saline, color was developed using a 3,3′-diaminobenzidine substrate kit, and slides were counterstained with hematoxylin.

Slides were assessed by two senior pathologists who were blinded to clinicopathological data. Cytoplasmic LKB1, cytoplasmic and nucleic survivin, and nucleic p53 staining were defined as positive. IHC stainings for LKB1, survivin, and p53 proteins were all assessed for staining intensity and percentage of positive cells as follows: 0 (negative; ≤5% of the cells staining positive), 1+ (weak staining; 6%--25% of the cells staining positive), 2+ (moderate staining; 26%--50% of the cells staining positive), and 3+ (strong staining; .50% of the cells staining positive). The final score for each slide was calculated as the average score of three representative high-power fields (400× magnification). Scores \<3 were defined as low expression and scores ≥3 were defined as high expression.

Statistical analysis
--------------------

SPSS 21.0 software was used to perform statistical analysis. Wilcoxon signed-rank tests were used to analyze differences in LKB1 expression between gastric cancerous and paracancerous tissues. The correlations between LKB1 and p53, survivin, and clinicopathological features of patients with GC were assessed using chi-square tests and Mann--Whitney *U* tests. Correlations between OS and LKB1, p53, and survivin expression were analyzed using the Kaplan-- Meier method and compared using the log-rank test. The Cox proportional hazards regression model was used to identify prognostic factors influencing survival. All two-sided *P*≤0.05 were deemed to be statistically significant.

Results
=======

Expression of LKB1 in GC and paracancerous tissues
--------------------------------------------------

The HE staining of differentiated GC is shown in [Figure S1](#SD1-ott-12-1439){ref-type="supplementary-material"}. LKB1 expression was analyzed by IHC in GC tissue samples and corresponding paracancerous tissue samples from 150 patients. Positive LKB1 staining was mainly located in the cytoplasm of both tumor and paracancerous gastric cells ([Figure 1A--C](#f1-ott-12-1439){ref-type="fig"}). [Table 1](#t1-ott-12-1439){ref-type="table"} shows the results of LKB1 staining. LKB1 expression in paracancerous tissues was found to be significantly higher than in GC tissues (*P*=0.001).

Correlation between LKB1 expression and clinicopathological features in GC
--------------------------------------------------------------------------

[Table 2](#t2-ott-12-1439){ref-type="table"} shows the correlation between LKB1 expression and clinicopathological features of patients with GC. It was found that lower LKB1 expression was associated in patients with GC with greater invasion depth (*P*=0.013), higher pTNM stage (*P*=0.009), and lymph node metastasis (*P*=0.029); however, LKB1 expression was not associated with patient gender (*P*=0.350), age (*P*=0.524), or differentiation (*P*=0.313).

Correlation between LKB1 expression and expression of survivin and p53
----------------------------------------------------------------------

Expression of p53 and survivin was also analyzed by IHC in GC tissue from 150 patients. Positive staining for p53 was mainly located in cell nuclei in GC tissue ([Figure 1D--F](#f1-ott-12-1439){ref-type="fig"}), and positive staining for survivin was mainly located in both cytoplasm and cell nuclei ([Figure 1G--I](#f1-ott-12-1439){ref-type="fig"}). Correlation of LKB1 expression with p53 and survivin expression was analyzed. LKB1 expression was inversely correlated with both p53 (*r*=−0.181, *P*=0.027) and survivin expression (*r*=−0.198, *P*=0.015; [Table 3](#t3-ott-12-1439){ref-type="table"}).

OS analysis of GC
-----------------

The median OS time for patients was 14.5 months (range: 1--53 months). Kaplan--Meier and Cox proportional hazards regression methods were used to evaluate the risk factors considering OS for patients with GC. Kaplan--Meier analysis revealed that patients with high LKB1 expression (log-rank test, *P*\<0.001), negative p53 (log-rank test, *P*\<0.001), and low survivin expression (log-rank test, *P*=0.001) had longer OS compared to patients with low LKB1 expression, positive p53, and high survivin expression ([Figure 2](#f2-ott-12-1439){ref-type="fig"}). OS was also significantly correlated with tumor differentiation (log-rank test, *P*=0.044), invasion depth (log-rank test, *P*=0.001), pTNM stage (log-rank test, *P*=0.001), and lymph node metastasis (log-rank test, *P*=0.006; [Table 4](#t4-ott-12-1439){ref-type="table"}).

Factors affecting OS in patients with GC were analyzed further using the Cox proportional hazards regression method. Among variables, LKB1 expression (HR: 0.605 \[0.414--0.882\]; *P*=0.009), p53 expression (HR: 1.840 \[1.232--2.750\]; *P*=0.032), and survivin expression (HR: 1.561 \[1.039--2.345\]; *P*=0.032) were all identified as independent factors for OS.

Discussion
==========

LKB1 is a newly discovered tumor suppressor gene that is known to play a role in suppressing tumor progression in both lung and breast cancers.[@b15-ott-12-1439],[@b16-ott-12-1439] An early study on LKB1 by Park et al[@b17-ott-12-1439] could not identify any common mutations associated with sporadic GC tumorigenesis. More recently, however, Jiang et al[@b18-ott-12-1439] found that LKB1 expression was reduced in GC tissues, but that reduced LKB1 expression was not associated with clinicopathological features of patients. Meanwhile, Sun et al[@b19-ott-12-1439] demonstrated that reduced LKB1 mRNA and protein levels were significantly inversely correlated with tumor progression, being associated with a poor prognosis and lower survival rate in GC. Therefore, it remains to be elucidated whether LKB1 expression is decreased in GC, and, if so, the mechanism underlying this reduced expression needs to be understood.

In this study, IHC staining revealed that LKB1 expression was reduced in GC tissues compared with adjacent paracancerous tissues, indicating that loss of LKB1 results in GC tumorigenesis. Evaluation of the correlation between LKB1 expression and clinicopathological features of patients with GC revealed that LKB1 expression was inversely correlated with invasion, pTNM stage, and lymph node metastasis. These results are consistent with the earlier findings of Sun et al,[@b19-ott-12-1439] indicating that LKB1 plays a role in GC tumorigenesis and progression.

Several studies have demonstrated that the development of most types of human cancers, including GC, involves alterations to the p53 gene.[@b20-ott-12-1439] There are two forms of p53. Wild-type p53 is an important tumor suppressor, which plays an important role in apoptosis but is rarely detected in tissues; conversely, mutated p53 inhibits apoptosis and can be detected using IHC. Previous studies have indicated that the LKB1 gene also plays a role in cell apoptosis and is mutated in several tumors.[@b8-ott-12-1439],[@b9-ott-12-1439] Furthermore, these studies also suggest that the regulation of apoptosis by LKB1 is dependent on tumor suppressor p53. Karuman et al[@b10-ott-12-1439] demonstrated that LKB1 physically associates with p53 and regulates a specific p53-dependent apoptosis pathway. Furthermore, Zeng and Berger[@b11-ott-12-1439] reported that LKB1 links with p53 to promote cell apoptosis, and Jimenez et al[@b21-ott-12-1439] revealed that LKB1 regulates apoptosis of A549 lung adenocarcinoma cells, possibly mediated by the p53 pathway.

Survivin is a member of the inhibitor of apoptosis protein family, which plays important roles in inhibiting apoptosis. Wakana et al[@b22-ott-12-1439] demonstrated previously that survivin is upregulated in GC, wherein it inhibits GC cell apoptosis. Pizem et al[@b13-ott-12-1439] reported that loss of p53 is a possible underlying mechanism for the upregulation of survivin in laryngeal squamous cell carcinoma. However, the correlation between LKB1 expression and p53 and survivin expression in GC has not been elucidated yet. In the present study, we revealed that LKB1 expression was inversely associated with both survivin and p53 expression in GC. Furthermore, Kaplan--Meier analysis indicated that LKB1, survivin, and p53 expression were all associated with OS, acting as independent prognostic factors for patients with GC. These results were the same as those found by Hu et al,[@b23-ott-12-1439] suggesting that LKB1 expression is reduced and negatively correlated with survivin and p53 expression in GC, also playing an important role in predicting the prognosis of GC.

To the best of our knowledge, this is the first report to explore the correlation between LKB1, survivin, and p53 in GC and also the first report to demonstrate the prognostic value of LKB1 in patients with GC, associated with apoptosis. However, the mechanism by which LKB1 influences or inhibits GC progression requires further investigation. Furthermore, due to the limited patient numbers in this study, a larger study is required, including prolonged follow-up to allow analysis of 5-year OS rates.

Conclusion
==========

This study reveals that LKB1 expression is reduced in patients with GC and that reduced LKB1 expression results in deeper invasion, higher pTNM stage, and lymph node metastasis, as well as shorter OS, which might result from increased expression of survivin and mutated p53. Therefore, LKB1 can be considered a promising candidate target for tumor therapy in GC. However, further studies are required to elucidate fully the mechanism through which LKB1 participates in the inhibition or progression of GC.

Supplementary material
======================

###### 

(**A**) Highly differentiated gastric adenocarcinoma; (**B**) moderately differentiated gastric adenocarcinoma; and (**C**) lowly differentiated gastric adenocarcinoma.
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![Immunohistochemical staining of LKB1, survivin, and p53 in GC and paracancerous tissues.\
**Notes:** LKB1 protein staining in normal gastric mucosa and GC tissue: (**A**) normal gastric mucosa (positive); (**B**) GC (positive); and (**C**) GC (negative). p53 staining in GC tissue: (**D**) positive; (**E**) punctate positive; and (**F**) negative. Survivin staining in GC tissue: (**G**) strong staining; (**H**) moderate staining; and (**I**) negative staining (×200).\
**Abbreviations:** GC, gastric cancer; LKB1, Liver kinase B1.](ott-12-1439Fig1){#f1-ott-12-1439}

![Kaplan--Meier analysis of OS according to: (**A**) LKB1 expression; (**B**) p53 expression; and (**C**) survivin expression.\
**Note:** Plus sign (+) indicates data censored.\
**Abbreviations:** LKB1, Liver kinase B1; OS, overall survival.](ott-12-1439Fig2){#f2-ott-12-1439}

###### 

LKB1 expression in GC and paracancerous tissues

                                     LKB1 expression   *P*-value    
  ---------------------------------- ----------------- ------------ -------
                                                                    
  Gastric cancerous tissue (n=150)   85 (56.7)         65 (43.3)    0.001
  Paracancerous tissue (n=150)       32 (21.3)         118 (78.7)   

**Abbreviations:** GC, gastric cancer; LKB1, Liver kinase B1.

###### 

Correlation between LKB1 expression and clinicopathological features of GC

                          No (n=150)   LKB1 expression   *P*-value   
  ----------------------- ------------ ----------------- ----------- -------
                                                                     
  Gender                                                             
   Male                   112          61 (54.5)         51 (45.5)   0.350
   Female                 38           24 (63.2)         14 (36.8)   
  Age (years)                                                        
   \<57                   76           45 (59.2)         31 (40.8)   0.524
   ≥57                    74           40 (54.1)         34 (45.9)   
  Differentiation                                                    
   High/moderate          51           26 (51.0)         25 (49.0)   0.313
   Low                    99           59 (59.6)         40 (40.4)   
  Invasion                                                           
   T1/T2                  26           9 (34.6)          17 (65.4)   0.013
   T3/T4                  124          76 (61.3)         48 (38.7)   
  pTNM stage                                                         
   I/II                   54           23 (42.6)         31 (57.4)   0.009
   III/IV                 96           62 (64.6)         34 (35.4)   
  Lymph node metastasis                                              
   No                     48           21 (43.8)         27 (56.2)   0.029
   Yes                    102          64 (62.7)         38 (37.3)   

**Notes:** T1, tumor invades lamina propria, muscularis mucosae, or submucosa; T2, tumor invasion of the muscularis propria; T3, tumor invasion of subserosal connective tissue; and T4, tumor invasion of serosal or adjacent structures.

**Abbreviations:** GC, gastric cancer; LKB1, Liver kinase B1.

###### 

Correlation between LKB1 expression and survivin and p53 expression in GC

                    p53         *r*         *P*-value   Survivin expression   *r*         *P*-value            
  ----------------- ----------- ----------- ----------- --------------------- ----------- ----------- -------- -------
                                                                                                               
  LKB1 expression                                                                                              
   Low, n (%)       22 (25.9)   63 (74.1)   −0.181      0.027                 23 (27.1)   62 (72.9)   −0.198   0.015
   High, n (%)      28 (43.1)   37 (56.9)                                     30 (46.2)   35 (53.8)            

**Abbreviations:** GC, gastric cancer; LKB1, Liver kinase B1.

###### 

Univariate and multivariate analyses of predictive factors for OS in patients with GC

                          No (n=150)   *P*-value univariate   *P*-value multivariate   HR (95% CI)
  ----------------------- ------------ ---------------------- ------------------------ ----------------------
                                                                                       
  LKB1                                                                                 
   Low expression         85           \<0.001                0.009                    0.605 (0.414--0.882)
   High expression        65                                                           
  p53                                                                                  
   Negative               50           \<0.001                0.003                    1.840 (1.232--2.750)
   Positive               100                                                          
  Survivin                                                                             
   Low expression         53           0.001                  0.032                    1.561 (1.039--2.345)
   High expression        97                                                           
  Differentiation                                                                      
   High/moderate          51           0.044                  0.061                    1.478 (0.983--2.223)
   Low                    99                                                           
  Invasion                                                                             
   T1/T2                  26           0.001                  0.257                    1.424 (0.773--2.624)
   T3/T4                  124                                                          
  TNM stage                                                                            
   I/II                   54           0.001                  0.652                    1.184 (0.568--2.469)
   III/IV                 96                                                           
  Lymph node metastasis                                                                
   No                     48           0.006                  0.779                    1.107 (0.543--2.257)
   Yes                    102                                                          

**Notes:** T1, Tumor invades lamina propria, muscularis mucosae, or submucosa; T2, tumor invasion of the muscularis propria; T3, tumor invasion of subserosal connective tissue; T4, tumor invasion of serosal or adjacent structures; N0, without lymph node metastasis; N1--N3, with lymph node metastasis.

**Abbreviations:** GC, gastric cancer; LKB1, Liver kinase B1.
